To provide support for scientific decision-making about scheduling to keep a water-conveyance project running safely in Beijing, China, a Web geographic information system (GIS)-based conveyance system (WGCS) is proposed. The development of WGCS involves three primary modules.
INTRODUCTION
Water resource shortages are a common problem in Beijing.
Currently, water resources in Beijing are overdeveloped, as evidenced by shrinking wetlands, groundwater overexploitation and inadequate ecological water. Therefore, managing the city's water resources is very challenging. In addition to socioeconomic development and population increases, the shortage of water resources and deterioration of the water environment have become obstacles to sustainable socioeconomic development in Beijing (Gan et al. ) .
Thus, the south-to-north water-conveyance project is a foundational measure to solve the problem of water shortages.
Additionally, other measures must be taken to broaden sources of income, reduce expenditures, handle sewage and better utilize flood resources (Li & Wang ) . In one-dimensional (1D) numerical model in a large-scale conveyance channel with complex inner boundary conditions. Additionally, three commercially available software packages (i.e. CanalCAD, Mike11 and Sobek) were suitable for unsteady-flow simulation. However, all of these programs can acquire high-precision results for ordinary rivermodelling applications but not for complex hydraulic conditions. CanalCAD is skilled in simple canals and theoretical studies and it is not able to handle branching networks, supercritical flow, and other situations that occur in practical systems. Though Mike 11 and Sobek improve the aspects of the above-mentioned cases in simulation, how to handle inverted siphon is not involved. Moreover, for the sake of modelling sluice, Mike 11 and Sobek have to calculate the canal with the sluice separately instead of integrating with the initial model. Furthermore, these software programs are incapable of establishing steady-state conditions (Clemmens et al. ) .
As a large-scale inter-basin water-conveyance project, the Beijing south-to-north water-conveyance project has several unique characteristics. For example, it is a long-distance pipeline, with numerous types and amounts of hydraulic structures along its path. Sluices, outlets, inverted siphons, pumping stations, reservoirs and other hydraulic structures all play complex roles in controlling the flow. Thus, simulating long-distance unsteady flow is difficult.
Simultaneously, to share, understand, examine and compare various modelling conditions and outputs easily and interactively, a platform to access, organize, integrate, visualize and analyse these data must be established (Yang et al. ; Yu et al. ) . Therefore, another goal is to develop a web-based platform to provide the system with spatial data management, analysis and display functionalities (Tsanis & Boyle ; Kumar et al. ) . In recent years, the Web geographic information system (GIS) has been widely adopted for resolving the geographic related practical issue (Huang et al. ; Lee et al. ) . Particularly, on the side of hydraulic and hydrological computer models, GISs are used for providing methods to publish and disseminate spatially related data via the internet (Choi et al. ) . Several efforts have been made to demonstrate the applicability of utilizing GIS as an integrated environment for manipulating hydraulic and hydrologic data on the intranet and internet. Examples include Yuan's platform, which is integrated with Google maps and a hydrological model for the retrieval, analysis and visualization of spatially related data (Yuan & Cheng ) ; Jia's rainfallrunoff GIS system, which was developed based on the ARCGIS platform and a distributed hydrological model (Jia et al. ) ; and Yu's numerical model results post-processing system, which concentrates on the visualization of data computed by DHI software (Yu et al. ) . However, most previous studies employed a mature GIS software package as the map server rather than independently developing such a server. Furthermore, only a limited number of studies have dis- This article proposes the integration of a Web GIS server product (WGCS), which was developed by the authors following the Web Map Service (WMS), with a complex 1D hydrodynamic numerical model for the simulation of unsteady flows with complex inner boundary conditions for long-distance water conveyance. The model was developed to achieve continuous simulation of hydraulic transition processes in water levels. The discharge drastically changes according to the definition of the inner boundary conditions (e.g. sluice or inverted siphon). The integrated system is capable of forecasting and decisionmaking for the whole process of water conveyance.
The objective of WGCS is to provide a practical and easy-to-use tool based on WEBGIS for Beijing water conveyance decision support. The system integrates all the operation progress of the water conveyance simulation in the unified WEBGIS interface with minimum essential parameter inputs. Therefore, even a non-expert user can obtain reasonable and comprehensive results through the browser.
To achieve this goal, WGCS including three parts (model setting, hydrodynamic calculation, result display) is implemented through independent development with proprietary intellectual property rights. In this way, the developed hydrodynamic model is more benefit to implement pre-process and post-process within the GIS interface due to the complexity of commercial packages in setting up the model, running simulations, and interpreting output. Though it is easy to gain results data from commercial packages, it is difficult to accomplish process data (e.g. model setting data and intermediate results). Furthermore, it is difficult to achieve intermediate results analysis during calculation, which is a significant function of the simulation system. Moreover, contrary to other large scale GIS systems, WGCS is devoted to a relatively light weight WEBGIS platform with less GIS function, so independent development did not give rise to too much increased workload. In contrast, it is simple to maintain and reuse the GIS system on account of independent development. Additionally, little modification was necessary to apply WGCS to other water conveyance projects. The model performance is demonstrated by applying it to routine work in Beijing. The WGCS can conduct large-scale hydrodynamic numerical calculations through web and visualized model data based on the vector map. To our knowledge, there are few similar systems that have been put into practice successfully.
A COMPLEX 1D HYDRODYNAMIC WATER CONVEYANCE MODEL
The calculation engine of this system can simulate the water pipe network with a 1D hydrodynamic model. This model not only simulates the normal process of the unsteady flow but also the process in the presence of hydraulic structures (e.g. sluices, inverted siphons, pumping stations, and reservoirs).
It is implemented using the OpenMP parallel language based on shared memory between multi-cores for accurate computation and fast convergence. In the study, based on 
Governing equation
The model, which is applied to pipe network hydraulic calculations for free surface flow and pressurized flow, can be written as follows.
In free surface flow, B is the width of the water profile in the transverse direction, and H is the water level. In pressurized flow, B ¼ gA=c 2 , H is the piezometric head, Q is the discharge, q is the uniform lateral inflow, Q c is the centralized lateral inflow, and δ is Diracδ. In Equation (1) 
Numerical method
To improve the stability of the model, a semi-implicit discrete method based on a staggered grid is adopted to 
Sluices
Sluices are used to regulate the flow over the water-conveyance line. The water level can be controlled and water discharged by varying the size of the sluice opening.
Because several flow regimes may arise, such as free orifice flow, submerged orifice flow, weir free flow, and weir submerged flow, the flow model must be able to describe not only the various flow regimes but also the flow transition process caused by water flow changes. Clearly, this requirement increases the difficulty of flow simulation.
In terms of the sluice opening, the upstream and downstream water levels and the discharge influence one another. To simulate the channel's hydraulic-response process continuously, the discharge equation at the sluice and the Saint-Venant equations should be discretized together. The flow is assumed to satisfy the continuity conditions at all times; that is, the discharge before the sluice and the discharge after the sluice are equal. This gives:
Inverted siphon
Because an inverted siphon is usually in the full-flow regime during project operation, it can be modelled as a pressure flow. To simplify the model and make it more practical, the flow movement in the inverted siphon is not considered.
The discharge capacity of an inverted siphon can be calculated using the pressure formula for the pipes, and the upstream and downstream discharges are assumed to be equal:
where μ ¼ 1=
the discharge coefficient, λ is the linear resistance coefficient, P ξ j is the sum of the local resistance coefficients, Q is the discharge, A is the cross-sectional area, Z 0 is the difference between the upstream and downstream water levels including the velocity head (i.e. the head loss), L is the length of the pipeline, and d is the diameter of the circular pipe.
The coefficient K is obtained according to the design head loss under the design discharge:
During the simulation, the corresponding head loss Z 0 between the start and end should be calculated according to the discharge of the inverted siphon. Then, by solving discrete Saint-Venant equations, the water levels at the entrance and exit of the inverted siphon can be obtained. the shape outline is painted), StrokeThickness (describes the thickness of the shape outline) and Fill (describes how the interior of the shape is painted). Finally, the path class is adopted for adding a vector to the specified location of the specified layer. The efficiency of the painting system is relatively high because all the vector units of one layer are rendered as a single object.
IMPLEMENTATION OF THE WEB GIS SERVER PLATFORM

Rendering the animation layer
The animation layer is rendered by alternately rendering a static flow field over a certain time interval according to the time sequence. The process of drawing the animation layer is as follows:
(1) Initialize trace particles. To describe the particle movements and particle positions after Δt, the concept of identity distance is introduced, which is defined as the distance between the first point of the element where the particle is located and the particle position. At the initial time, trace particles are arranged at the centres of the elements; thus, the identity distance of each particle is equal to half of the length of the corresponding element, and the physical values (e.g. water level, discharge and velocity) at the trace particles are equal to the physical values at the elements.
(2) Compute the positions of the particles. The movements of the particles can be divided into three types: to the next element, to the front element, and in the current element.
Initially, a particle's moving distance can be calculated as:
where u t i is the flow velocity, and Δt is the time interval for animation.
where s t i is the identity distance at time t. s e i is the distance of the element where the particle is located. When s t ! s e i the particle flows into the next element, and the adjacent elements of the current element must be determined. If it is adjacent to a single element, the identity distance will be calculated as s tþ1 i ¼ s t À s e i . If the current element is adjacent to multiple elements, delete this particle and supplement particles at adjacent elements where no particle is located. When s t 0, the particle flows into the front element, and the adjacent elements of the current element must be determined in the same way. If it is adjacent to a single element, the identity distance will be calculated as s tþ1 i ¼ s t À s e iÀ1 . If the particle remains in the current element, the identity distance will be calculated as s tþ1 i ¼ s t . If the current element is adjacent to multiple elements, delete this particle and supplement particles at adjacent elements where no particle is located.
If the time step is so large that the particle is already flowing out of the next element or the front element, the particle must arrive at the current element via linked elements. Therefore, the particle is thought to rest on the next element's node; as a result, visually, the particle always flows along the river.
The particle's coordinates (x t i , y t i ) are easily computed by linear interpolation as follows:
where s t i is the particle's identity distance, s e i is the element's location (x m , y m ), and (x n , y n ) is the location of the element in which the particle is located.
(3) Compute the particle's physical values. Time interpolation, rather than distance interpolation, was adopted for the calculation of the particle's physical values and is computed as follows:
where t is the current time during animation; t m and t n are previous and next times, respectively; and var m and var n are physical values at the previous and next times, respectively.
(4) Paint the particle. The method used to paint the particle is similar to the method used for node painting. Note that the radii of the particles can be used to represent the magnitudes of the variables.
(5) Animation. In the Silverlight software, the DispatchTimer class is employed to replace the traditional Timer class as the background thread timer. The DispatchTimer is the authentic background thread, which is performed independently rather than in the UI thread; therefore,
DispatchTimer offers a significant advantage.
The usage of the DispatchTimer class is relatively simple. First, set the Tick event and interval attribute.
Then, start the DispatchTimer, and perform the drawing program as described above. Finally, stop the DispatchTimer when the animation is complete or interrupted by the user.
INTEGRATION OF HYDRODYNAMIC MODEL WITHIN WEB GIS PLATFORM
The two modules discussed above (i.e. the hydrodynamic model for water-conveyance simulation and the Web GIS platform which is responsible for modelling and data analysis) are the main components of the entire system.
Because the procedure of model execution is distinct with no GIS capabilities requirements, the adoption of a loosely coupled method for integrating the two modules can sufficiently achieve the objective that all the pro- Note that only a single user is served through the firstcome, first-served mechanism when simulation service is requested. The adoption of a parallel algorithm for a single user ensures that the calculation speed is relatively fast.
ARCHITECTURE OF THE WGCS SYSTEM
The design and development Figure 1 illustrates the architecture of the system from a logical perspective.
The data platform is used to store the data that support the entire system, including the attribute, spatial, graphical and model databases. In addition, and most importantly, the database must be able to store large computational datasets for different simulation scenarios.
The service platform consists of the professional hydrodynamic models, Windows Communication Foundation (WCF) Rich Internet Applications (RIA) services, and GIS Services. WCF RIA services are primarily used to copy data from the SQL Server database to the web for data query, retrieval and analysis, while also providing data to the GIS Services used for spatial and computational data access and processing. Users can customize the prediction schemes for various scenarios on the service platform. 
Conceptual design
This system can be divided mainly into the GIS interface, the hydrodynamic model and database management. The integration between modules is achieved by adopting a coupling method so that model operations are fully covered within a unified GIS interface. Figure 3 Model and condition data are stored in the database using standard SQL statements or stored procedures (deployed in DBMS). Because of the inadequacy of FORTRAN for database operations, a data exchange interface between text files and the database had to be established to integrate pre-processing and post-processing data. The detailed dataprocessing procedure is illustrated in Figure 4 .
CASE STUDY Study area
The entire water-conveyance system, which combines pressurized and open channels, is divided into three parts: main- It is worth noting that the webpage is using localhost on port 2844 as the server on the same machine as the browser.
The practical water conveyance system is a Chinese version and the English version is in the debugging stage. Figure 5 is a screenshot of the development.
Daily operation case
The the hydraulic structure parameters are defined as shown in Tables 1-3. When model establishment is completed, the ordinary user is responsible for simulation of water conveyance. Currently, the Huinanzhuang pump station is not pressurized, and thus, the current status maintains a small artesian flow. This case study simulates the operational conditions on September 12, 2015, at 8:00 using the hydrodynamic model described above. The operation of the scheduling process is illustrated in Figure 6 . After a summary of parameters input and evaluation for water supply and water requirement, simulation is running by 'Remote service' button.
The simulation status is indicated through a message bar and the two important outputs (water statistic and scheme order) of the WCGS tool are generated at the end of the simulation. Detailed analysis can be carried out on the map (e.g. time series or animation).
The elaborate analysis of all the results data is shown in Figure 6 and Table 4 . Figure 7 demonstrates the overall water conveyance process. The water level at the The scheduling processes for different sluices are fairly similar, as is normally the case.
According to the hydrodynamic numerical model, by using the observed water demand of the water company To show the magnitude of the difference between calculation results and observed data, absolute percentage error to water lever or discharge computed by (|measured-mod-elled|/measured) × 100% is summarized in Figures 10 and   11 . From Figure 10 , absolute percentage error to water level was generally small and most of them in Daning surge tank and Daning reservoir were lower than 2%. However, Figure 11 shows that a larger absolute percentage error, which was heavily concentrated in small artesian flow, was generated. Absolute percentage error in the South main and lift line of Xisihuan was lower than 10 and 19% respectively. In the right line of Xisihuan, there was a series of noticeably large values being higher than 50%, but the mean absolute percentage error for the right line of Xisihuan was about 16%. This may be caused by the difference between modelled parameters and actual parameters (e.g. flux coefficient) of No. 2 sluice.
Hence it is certified that the hydrodynamic model was reliable and practical for normal water-conveyance process. Furthermore, the model verification case demonstrates that the model of the complex hydraulic structure was adequate to simulate the pressurized flow and free surface flow over long distances and long durations.
Due to the complexity and synthesis of water conveyance, in order to improve the accurate of the simulation, (2) Uncertainty analysis should be discussed to evaluate how the uncertainties will affect model results.
CONCLUSIONS
Because hydraulic transient process simulation is an essential issue, integrating hydrodynamic numerical models into a user-friendly GIS platform for simulating conveyance scenarios should be beneficial for routine work. As presented in this paper, the Web GIS-based conveyance system (WCGS) comprises pre-processing, hydrodynamic simulation and post-processing steps integrated via a Web GIS platform, which provides easy access to information and interaction. Once the system administrator sets up the hydrodynamic model for the conveyance pipeline, even a non-expert user can run simulations for different conveyance scenarios through a web browser using an ordinary computer. Furthermore, the application of the developed model was demonstrated for two cases of scheduling processes in Beijing, China. The case of the small artesian flow revealed that the conveyance order generated by the 
